The load sequence effect has been proved from laboratory tests to be an influencing factor that cannot be neglected in the fatigue analysis of marine structures. To take account of this significant factor, fatigue life prediction should be based on fatigue crack propagation theory rather than the currently used cumulative fatigue damage theory. Accordingly, fatigue loading needs to be provided as the load-time history in the time domain rather than the load spectrum in the frequency domain. A general procedure for generating the standardised load-time history for marine structures based on a short-term load measurement has been proposed by the authors. This article seeks to further improve on this procedure and explain how to apply the determined standardised load-time history in the fatigue life prediction method based on the fatigue crack propagation theory. Finally, generation and application of a standardised load-time history are given for a tubular T-joint of an offshore platform, which demonstrates the practical and effective use of the proposed approach.
Introduction
Fatigue is considered to be a main failure mode for marine structures such as ships and offshore platforms, which are mostly made of metals. Both for economic design and safe operation, it is very important to accurately predict the fatigue crack growth process under service loading for marine structures. Although fatigue in metals and metal structures has been studied for nearly 200 years and much progress has been achieved, prediction accuracy is still not satisfactory. 1 Currently, in the marine community, the widely used fatigue life prediction methods in most of the engineering standards are based on the cumulative fatigue damage (CFD) theory, which cannot distinguish between the crack initiation and propagation stages. 2 Furthermore, the approaches based on CFD theory have considered only a very few influencing factors in fatigue analysis, such as stress versus number of cycles (S-N) curve. However, other factors, including load sequence and initial and final crack size, which have been proved from laboratory tests of similar significance, have not been taken into account. Thus, the S-N curve method cannot even explain the wide scatter of several orders of magnitude for fatigue lives of laboratory specimens. 3 Now, it is widely recognised that the next generation of fatigue life prediction methods should be based on fatigue crack propagation (FCP) theory, which can overcome the above-mentioned deficiencies of the CFD theory. Methods based on FCP theory have the potential to meet precision requirements and to explain most of phenomena observed so far. In the last decade, the authors' group has spent great efforts to develop a unified fatigue life prediction (UFLP) method for marine structures. [4] [5] [6] [7] [8] [9] [10] [11] There are two critical issues that need to be solved for this development. One is to establish an accurate fatigue crack growth rate model that can at least explain all the fatigue phenomena observed in laboratory tests. Through many improvements, the capabilities of the proposed crack growth rate relation were demonstrated and verified by comparing with test data from a wide range of alloys. The other is to simplify its engineering application. Engineering approaches to estimate the parameters in the improved model based on any types of existing data have also been suggested. [12] [13] [14] To apply the UFLP method for a newly designed structure, the other problem that needs to be solved is to provide a time-dependent fatigue load history that represents the fatigue loading series encountered. Furthermore, a standardised load-time history (SLH) such as the TWIST 15 and FALSTAFF 16 sequences for transport and fighter aircraft should be determined for marine structures. A general procedure for generating an SLH for marine structures based on short-term load measurements was proposed by the authors' group. 17 This article seeks to further improve and perfect certain steps in the proposed procedure, including establishment of an operating profile and acquisition of load samples and filtering of small load cycles. Additionally, how to apply the determined SLH in the UFLP method is explained in detail. Finally, an example is given to demonstrate the generation and application of the SLH for a tubular T-joint of an offshore platform.
Brief overview of the state-of-the-art of SLHs
In general, the acronym SLH is used both for 'SLHs' and 'standardised load sequences', including 'load spectra' in most references. 18 In this article, however, SLHs are specifically defined to be SLHs, which are processes with actual time information in the time domain. For any marine structure to be designed using the UFLP method, the corresponding SLH must be provided.
It is commonly understood that SLHs do not refer to a specific design problem but comprise the typical features of the loading environment of a certain class of structures. 18 SLHs usually do not cover all the load cycles within the total anticipated service life but only a representative fraction (return period). They are thought to be repeated in a fatigue test or a numerical simulation until final failure occurs or the anticipated usage is safely covered. Although realistic load sequences that structures experience during their service life can be taken into consideration, calculation time and testing cost can be greatly reduced by applying the same SLH to a class of structures or similar components.
Due to the above-mentioned advantages, SLHs have been developed and applied to fatigue studies for about 40 years. The first proposed SLH was Gassner's 19, 20 eight-level blocked programme test, which can be dated back to the 1930s. With its need for optimum lightweight design, the aircraft industry was originally the main driver behind the significant progress of SLHs in the 1970s. Two of the most well-known SLHs are the TWIST 15 and FALSTAFF 16 sequences for transport and fighter aircraft, respectively, which have been and are still applied in numerous studies on materials, joints and other structural elements. In the same period, GAUSSIAN was presented for general application for fatigue tests by Haibach et al. 21 HELIX/FELIX 22 and the two TURBISTAN 23, 24 sequences are further examples from the aerospace field. Due to the relatively high cycle numbers of the TWIST and HELIX/FELIX sequences, shortened versions of these SLHs have also been devised, such as WISPER, 25 MINITWIST 26 and others.
Starting in the mid-1980s, SLHs have been developed for automobiles, offshore platforms and steel mill drives, for example. In the United States, activities were mainly centred on the derivation of test load sequences to be used for evaluation and development of fatigue life prediction methodology. 27 In 1977, a series of short sequences, such as Transmission, Suspension and Bracket, 28 were published by the SAE Fatigue and Evaluation Committee. These were more realistic with regard to spectrum length and distribution of small and large cycles. Since 1990, the CARLOS series of SLHs have been presented in automotive applications, including CARLOS multi, 29 CARLOS PTM, 30 CARLOS PTA 31 and CARLOS TC. With respect to marine structures, WASH 1 32, 33 was developed by an international working group for typical drag-dominated smaller members of platforms operating in the North Sea or similar sites. In addition, Japanese researchers proposed a random loading model to simulate real encountered wave conditions, called the 'storm model'. 34 It is also a simplified standardised loading model for the fatigue strength analysis of offshore structures. In recent years, the authors' group has conducted research on SLHs of marine structures. 17, 35, 36 Generation of SLHs for marine structures
In general, the determination of SLHs for marine structures is more difficult than for aircraft or automobiles. Marine structures experience a more complex loading environment during their long-term service life, including forces from wind, wave, current and others. There are many approaches for determining SLHs for marine structures. In this article, a generation approach is presented based on a short-term load sample, which is easy to acquire in most practical applications. The general procedure is shown in Figure 1 and further steps will be addressed in detail in the following sections.
Operating profiles
The operating profile describes the service conditions for the total or a representative fraction of the operating period. For offshore structures, the loading environment can be described as seastates with different levels, which are commonly ranked according to the significant wave height (H s ) and wave period (T). The most commonly used form to describe the distribution characteristics in a sea region is the scatter diagram, as shown in Figure 2 . According to statistical data in the scatter diagram, the occurrence probability of each seastate can be estimated. The scatter diagram can often be used to analyse the loading environment of offshore platforms, which work in a fixed location during their entire service life or for a relatively long period.
Unlike offshore platforms, which generally work in a relatively fixed location, ships frequently sail along given routes during their service period. The long-term observed data of wave conditions should be collected and statistically analysed for the specified route to establish the operating profile. For different sail phases of a ship, distinct patterns of grouped load cycles often can be distinguished, called a loading event. The occurrence of loading events must be defined in terms of frequency, severity and sequence, which in summary constitute the operating profile for ships.
Load measurements
As a basic input to the generation of a new SLH, statistically adequate samples of load measurements under operational conditions must be available for every load case, for example, for ships, load measurements under every seastate should be provided. These samples are commonly acquired by in-service measurements from several similar structures. The current widely used measurement technologies are based on strain gauges, fibre grating and others. A number of studies have been dedicated particularly towards onboard monitoring of fatigue loads in the hull girder for both short-term (30 min to 3 h) and long-term. 38 In addition, recent developments in reliability-based inspection and hull condition monitoring have been of great help in acquiring accurate load samples over a long period.
However, if experimental conditions cannot be satisfied or measurement data are limited, the load samples can also be obtained by direct calculation or simple assumption. In the fatigue analysis of marine structures, long-term distribution of wave-induced stress range can be described by the two-parameter Weibull distribution, the probability density function of which is expressed as follows
where S is the stress range and h and q are the shape parameter and scale parameter, respectively. Figure 3 gives an example of a stress history generation that follows the Weibull distribution. A long-term wave-induced stress history can also be regarded as a series of short-term load histories that follow a Rayleigh distribution. Similarly, the shortterm load samples under every seastate can be simulated through a probability density function with the given parameters.
Data processing
When load samples for each individual operational condition are available, further data processing is always needed. This often includes selection of return period length, omission of small load cycles and extrapolation of short-term load samples.
As mentioned in section 'Brief overview of the stateof-the-art of SLHs', SLHs cover a representative fraction of load history rather than the total service period. It is therefore critical to select the length of the SLH, which is also called the return period. It must be repeated several times until failure occurs; otherwise, the full variety of load amplitudes is not contained in the SLH in their correct percentages. However, too short of a return period means that infrequent but high load amplitudes are not contained in the load history, although they do occur in service and will greatly affect fatigue life. 33 Thus, the load history applied in tests or calculations is quite different from that in service. In general, the design life of offshore structures is designated as 20-25 years, and 1 year seems to be an appropriate selection for return period length because structures experience similar weather conditions every year, especially offshore platforms with relatively fixed working locations. Additionally, experts have suggested that the highest stress amplitude in the load history should occur not less than 10 times before failure. 39 Whether the load samples are acquired by measurement or simulation, there is inevitably a certain amount of small load oscillations contained in the load histories, which are often considered to have little effect on the fatigue damage of marine structures. To improve the calculation efficiency and minimise the test time, these small load cycles should be omitted. However, 'allowable' filter levels for omission have to be defined with care. Based on FCP theory, the stress intensity factor range DK (or the effective stress intensity factor range DK eff in some methods) is viewed as the driving force of crack propagation to determine whether the crack grows under load cycles. Theoretically, if DK is lower than DK th (where DK th is the threshold stress intensity factor range), the fatigue crack cannot propagate. These load cycles that cannot lead to crack propagation can be filtered. Some experience-based recommendations on the selection of filter levels have been given in some references. 40, 41 For example, the filtering threshold can be set to 5%-10% of the maximum load range in most cases.
After filtering small load cycles, the next step is necessary when load samples for some seastates are too short to contain all the load cycles occurring in the return period. This is the most common case in practical applications. Short-term load samples should be extrapolated to the appropriate length, which is again dependent on the operating profile of the specified structure. The extrapolation method used in this article is the so-called peaks-over-threshold (POT) technique proposed by Johannesson. 42 The main idea of this method is to repeat the measured load block but to modify the highest maxima and lowest minima in each block. The random regeneration of each block is based on statistical extreme value theory. The detailed procedure is described in Li et al. 43 
Random reconstruction
Referring to the method introduced in Tomita et al., 34 for marine structures in any sailing route or operating site, all the load histories that are processed with the above procedures can be divided into two kinds of seastates: storm sea and calm sea. Under storm sea conditions, the occurrence of waves is a time-dependent process. Wave height increases over time, reaches a maximum value at one point only and then begins to decrease gradually, as shown in Figure 4 .
The observed data in Tomita et al. 34 showed that the tendency of wave-induced stress was the same as the 'storm model'. In calm sea conditions, the occurrence of waves is a time-independent process, as shown in Figure 5 . These two kinds of sea conditions appear in random order. Consequently, a load-time history with the length of the return period can be composed in various sequences. In some cases, a logical sequence of load cycles can be decided upon, for example, that a voyage of a ship begins with a load draught, followed by sailing in ballast and so on. According to the severity of fatigue behaviour predicted by the UFLP method, the SLH of the designed structure will be finally determined.
Application of SLHs in the UFLP method
The UFLP method, which is based on the FCP theory, has been proposed and developed by the authors' group over the last 10 years. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The crack size is calculated on a cycle-by-cycle basis and the fatigue loading must be provided as a load-time history rather than as a load spectrum. Figure 6 shows the general procedure of the UFLP method.
The determined SLH can be repeated as a fatigue loading series to calculate the crack size cycle by cycle until final failure occurs. The total crack size can be mathematically represented in equation (2) Many studies have shown that prediction data from the crack growth rate model proposed in the UFLP method agree well with test data on a wide range of alloys under both constant-amplitude loading and variable-amplitude loading. 10, 11 The improved crack growth rate model under variable-amplitude loading can be written in the following form
where F is the modified factor of the crack opening level and its expression varies with the different loading modes. More information on the above crack growth rate model can be obtained from the respective references.
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Figure 7 displays the fatigue life calculation procedure using the improved crack growth rate model presented in the UFLP method. Detailed information, such as the final crack size and fatigue life of the designed offshore structure, is outputted as fatigue assessment results. However, if the designed service life of the structure is reached but the fatigue limit is not exceeded, this crack should be regarded as acceptable and the final crack size will also be obtained.
Applied example
An example of the determination and application of the SLH for a T-joint is given in this section. The Tjoint is the simplest type of steel tubular joint and is widely used in offshore platforms. The geometry of the joint is shown in Figure 8 . Much experimental data have indicated that in most cases, the fatigue hot spot is located at the saddle point of a T-joint under brace tension. Therefore, a surface crack is simulated at the saddle point of a T-joint for fatigue strength analysis in this article, as shown in Figure 9 . Regarding the operating profile for an offshore platform, the wave scatter diagram in the North Atlantic 37 is used for long-term environmental statistics, as shown in Table 1 . The occurrence probability of each seastate can be estimated. To simplify the calculation, the five highest seastates 12-16 are combined into one seastate as they occur infrequently.
Due to the lack of observed data here, short-term stress histories of each seastate are obtained by random data generation. Generally, the short-term probability distribution of wave-induced stress can be approximately described by the Rayleigh distribution. Figure 10 gives demonstrations of wave-induced stress histories of seastate 1 and seastate 12 over 3 h. Stress histories of other seastates are acquired in the same way.
A reasonable length for the return period is 1 year for tubular T-joints because an offshore platform mostly experiences the similar environment in its location every year. The total number of load cycles for 1 year is 5 3 10 6 (10 8 /20 years), so the mean wave period is about 6.3 s (1 year 3 365 days 3 24 h 3 3600 s/ 5 3 10 6 ). The load cycle number of each seastate during the return period can be calculated, as shown in Table 2 .
Next, by the POT extrapolation method, 42,43 the short-term stress histories of all 12 seastates can be extrapolated to the corresponding cycle number as listed in Table 2 . To improve the calculation efficiency, the small load cycles that do not largely influence the structural fatigue strength should be removed before extrapolation. In this section, the filtering threshold is set to 5% of the maximum load range. Figure 11 shows the filtration and extrapolation of short-term stress histories of seastate 12. Short-term stress samples of other seastates can be processed using the same method. The load cycles of all 12 seastates in 1 year can then be obtained.
Consequently, all 12 seastates are divided into two classes: calm sea (from seastate 1 to seastate 5) and 0  72 1416 4594 4937  2590  839  195  36  5  1  0  0  0  0  14,685  2.0  0  5  356  3299 8001  8022  4393  1571  414  87  16  3  0  0  0  26,167  3.0  0  0  62  1084 4428  6920  5567  2791  993  274  63  12  2  0  0 storm sea (from seastate 6 to seastate 12). The storm sea condition can also be classified into six types of storms according to the maximum seastate level in each storm, A (seastate 7), B (seastate 8), C (seastate 9), D (seastate 10), E (seastate 11) and F (seastate 12). A sketch of storm F is shown in Figure 12 (a). The total probability of occurrences of storm sea conditions is 0.11587 according to the data in Table 2 . In other words, there are about 42 days of storm sea conditions within 1 year. Assume that the storm number of each type is A (1), B (1), C (1), D (1), E (1) and F (1), so the mean value of each storm duration is about 7 days. The load cycle number in each storm is 96,000 (7 days 3 24 h 3 3600 s/6.3 s), as shown in Figure 12(b) .
The material property parameters used in the UFLP model are given in Table 3 . For the surface crack at the saddle point of the T-joint, stress intensity factor K can be calculated according to the parametric formulae proposed by Rhee et al. 44 Geometric dimensions of the tubular T-joint are detailed in Table 4 . These values lie well within the validity ranges of the equations of Rhee et al. 44 The last step is to rearrange the positions of all the storms within 1 year. First, change the position of Figure 14 , where the number behind F indicates the position of storm F in the overall load history (the same as below).
The fatigue growth behaviour of the tubular T-joint is sensitive to the load sequence effect. The crack growth rate is much greater under storm sea conditions than that under calm sea conditions. For the different storms that are of the same load cycle number, the higher the storm level, the faster the crack propagates. However, after a severe storm occurs, for example, storm F, retardation due to overloading has a large effect on the crack growth rate. In the comparison of the FCP results, load case (F6) is the most serious condition, so the position of storm F is determined at the sixth position (see Figure 15) . If storm E is moved in the same manner as storm F, similar results can be obtained, as shown in Figure 16 . The position of storm E is determined to be the fourth position, as shown in Figure 17 Assuming that the designed service life of an offshore platform is 20 years, the 1-year SLH can be repeated 20 times as a fatigue loading series in the UFLP method. The fatigue life prediction result is shown in Figure 21 . The surface crack at the saddle point of the T-joint grows steadily within 20 years, so this crack can be regarded as an acceptable flaw during the designed life of the offshore platform.
Concluding remarks
Marine structures are mostly made of metals and experience variable-amplitude loading during their longterm service life. Their fatigue crack growth behaviours have been shown in laboratory tests to be very sensitive to load sequence effect. To account for the important influencing factors, fatigue life prediction methods should be based on FCP theory rather than the currently used CFD theory. Accordingly, fatigue loading needs to be provided as the load-time history with actual load sequence in the time domain rather than the load spectrum in the frequency domain. SLHs provide an appropriate selection of load sequences for this purpose and a series of advantages for applying SLHs in fatigue issues have been realised. Based on this background, a general procedure for determining the SLH for marine structures has recently been developed by the authors' group. In this article, further improvements in certain steps of this procedure are made, including the establishment of an operating profile, acquisition of load samples and filtering of small load cycles. In addition, how to apply the determined SLH in the UFLP method, which is based on the FCP theory, is explained in detail. Finally, an example is given to demonstrate the generation and application of the SLH for a tubular T-joint of an offshore platform. Through these analyses, the following conclusions can be drawn:
1. Retardation of crack growth due to overloading can be clearly seen from the fatigue analysis results. When high-level storms occur earlier in the overall load history, the final crack size is generally smaller than the crack size when they occur later. It can thus be concluded that earlier occurrences of highlevel storms are helpful in slowing the rate of crack growth and prolonging the fatigue life of offshore structures. However, it must be pointed out that this conclusion is only qualitative and must be further validated by test data. Undoubtedly, load sequence effects greatly affect the behaviour of crack growth and cannot be neglected in the assessment of the fatigue strength of marine structures. 2. The determined SLH can be applied as a fatigue loading series to calculate the crack size cycle by cycle in FCP theory-based methods, for example, the UFLP method in this article. It is repeated until final failure occurs or the expected service life is reached. It not only takes into account the realistic load sequences encountered but also greatly saves time in numerical simulations. Even though it is presently difficult to verify the reliability of the fatigue analysis results obtained using SLHs, it would indeed be an intriguing update of the Classification Rules and fatigue assessment procedures and would lead to the safe reduction of scantlings and cost. 3. Finally, it is necessary to point out that the determination of an SLH for marine structures is not a purely theoretical problem but is actually a decisionmaking problem. The actual determination of a SLH for a particular type of offshore structure is the responsibility of classification societies and requires cooperative effort from international authorities and related laboratories in different countries.
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